The effect of purifi ed sewage discharge from a sewage treatment plant on the physicochemical state of water in the receiver. The paper presents changes in the contents of physicochemical indices of the Sudół stream water caused by a discharge of purified municipal sewage from a small mechanical-biological treatment plant with throughput of 300 m 3 ·d -1 and a population equivalent (p.e.) -1,250 people. The discharge of purified sewage caused a worsening of the stream water quality. Most of the studied indices values increased in water below the treatment plant. Almost a 100-fold increase in ammonium nitrogen, 17-fold increase in phosphate concentrations and 12-fold raise in BOD 5 concentrations were registered. Due to high values of these indices, the water physicochemical state was below good. Statistical analysis revealed a considerable effect of the purified sewage discharge on the stream water physicochemical state. A statistically significant increase in 10 indices values (BOD 5 , COD-Mn, EC, TDS, Cl -, Na + , K + , PO 4 3-, N-NH 4 + and N-NO 2 ) as well as significant decline in the degree of water saturation with oxygen were noted below the sewage treatment plant. On the other hand, no statistically significant differences between the water indices values were registered between the measurement points localised 150 and 1,000 m below the purified sewage discharge. It evidences a slow process of the stream water self-purification caused by an excessive loading with pollutants originating from the purified sewage discharge.
INTRODUCTION
Proper management of water resources and their quantitative and qualitative protection are the major objectives of the European Union Framework Water Directive, which obliges the member states to reach a good state of waters (WHO 1993 , Council Directive 2000 . Therefore, conducting the research focused on the effect of purified sewage on water quality in receivers is one of many tasks which must be realized to fulfil the Accession Treaty obligations (Kałek and Piaskowski 2010) , the way to utilize the forming sewage sludge for energy generation (Werle and Wilk 2010, Roati et al. 2012 , Szaflik et al. 2014 ) and as a secondary product for lawn fertilization in the city areas (Bilgili and Acikgoz 2005 , da Silva et al. 2014 , Grabowski et al. 2015 . The main issue, in compliance with the main assumptions of the European Union water policy, is sustainable development of the member countries in the area of political, economic and social activities at simultaneous maintaining the environmental balance and durability of basic biological processes. According to the water law, the area of Poland has been divided into water regions and basin areas which were characterized with reference to the effect of human activities (Domagała et al. 2010, Kanownik and Policht-Latawiec 2015) and economic analysis of water use in view of water services costs (Council Directive 2000/60/EC). It has been forecasted, that establishing the permissible values of pollutant emission and environmental standards of their quality will lead to a reduction of pollution at its source (Filus 2008 , Sadecka et al. 2010 , Jelić et al. 2011 , Coppens et al. 2015 .
The changes of water quality in a receiver caused by purified sewage discharge to the surface waters is a worldwide problem (Cotman et al. 2001 , Graham et al. 2010 , Scanes 2011 , Policht-Latawiec 2012 , Innaa et al. 2014 , Makowska 2014 . Water pollution is to great extend caused by biogenic substances, which penetrate to the aquatic environment with sewage (Jóźwiakowski and Marzec 2008 , Panno et al. 2008 , Neverova-Dziopak and Cierlikowska 2014 , Karczmarczyk 2016 . The assessment of the state of water and sewage management is made in order to indicate the influence of sewage drainage from treatment plants on surface water bodies (Piekutin 2008 , Królak et al. 2011 , Bueno et al. 2012 , Kumar et al. 2012 , Batkowski 2014 .
Sewage discharge from small treatment plants below 2,000 population equivalent (p.e.) may negatively affect surface water management and protection. Treatment plants should prevent pollution and degradation of receiver waters, protect and improve the state of aquatic ecosystems to achieve the highest quality state, therefore ensuring that the requirements of the Council Directive 91/271/EEC and the Framework Water Directive 2000/60/EC.
The aim of the paper was determining the changes of water quality in the Sudół stream caused by the discharge of purified sewage from the mechanical--biological treatment plant with a 1,250 p.e. situated in Trojadyn village near Krakow. The paper discussed the values of pollution indices determined in the sewage discharged from the treatment plant and analysed its impact on the change of physicochemical state of water in the receiver. Moreover, the water quality was assessed and the conditions of fish life in the Sudół stream above and below the place of purified sewage discharge.
MATERIAL AND METHODS
Hydrochemical analyses were conducted in the Sudół stream catchment from March 2012 to February 2013. Water was sampled on 12 dates (once a month) in four measurement points (Fig. 1 ) situated: 50 m (point 1) and 150 m (point 2) above the collector outlet and about 1,000 m (point 3) below the purified sewage discharge (ISO 5667-6), as well as directly from the collector draining purified sewage to the receiver (point D). The water pH was measured on site using CP-104 pH meter, electrolytic conductivity with CC-102 conductometer, dissolved oxygen concentration and the degree of water saturation with oxygen by means of CO-411 oxygen meter and total amount of dissolved solids was measured in water using TDS meter (Hach Lange). In the laboratory, total suspended solids were determined by drying and weighing The values of pollutant indices in purified sewage were compared with the FIGURE 1. Location of measurement-control points highest values permissible in compliance with the Regulation of the Minister of the Environment on the conditions which must be fulfilled when discharging sewage to waters or to the soil and on the substances particularly harmful to the aquatic environment (Regulation… 2014b). The Sudół stream water quality class in the measurement points was determined according to the Regulation of the Minister of the Environment on the method of classification of the ecological state, ecological potential and chemical state of uniform parts of surface waters (Regulation… 2014a). The functional values of the stream water were evaluated by comparing the assessment results with the value admissible for fish life in natural conditions (Regulation… 2002) .
Descriptive statistics were used for elaboration of results, the minimum and maximum values were determined, as well as the arithmetic mean, standard deviation and median for individual indices. A statistical inference about the significance of indices values differences between the measurement points was conducted using the Kruskal-Wallis non-parametric test on the significance level α = 0.05 in Statistica 12. After determining the significance of differences between the compared groups, analysis for the pairs of measurement points was conducted for selected water quality indices using Mann-Whitney U-test on the significance level α = 0.05. The non-parametric tests were chosen because of the lack of normal distribution for the majority of analysed indices, in compliance with the results of the Shapiro-Wilk test and the lack of the homogeneity of variance determined by the Fisher-Snedecor test (Buda and Jarynowski 2010). Moreover, the cluster analysis was conducted for the measurement control points and physicochemical indices within the individual points, aimed at grouping the objects (points or indices) so that the objects within each of the identified group were similar to each other, but possibly the least similar to the objects of the other groups, according to the rule of internal similarity and external dissimilarity. If there are clusters of objects similar to each other, the structure may be presented as separate branches on a hierarchical tree (tree diagram). Estimation of the distance between groups was conducted using Ward's method, which bases on the analysis of variance and aims at minimizing any two cluster sum of squares (Stanisz 2007) .
According to the administrative division of the country, the Sudół stream catchment is situated in the Małopolskie voivodship, Krakow county, on the border of Wielka Wieś and Zielonki villages and Prądnik Biały quarter in the north part of Krakow. According to Kanownik et al. (2012) , the highest percentage (43%), i.e. about 637 ha of the Sudół stream catchment is covered by grasslands dispersed over the whole area, whereas the smallest 0.2% (2 ha) are grounds under water. Arable lands cover almost 30% and orchards constitute 6% of the total catchment area. The built up and transport area cover about 220 ha. The Sudół stream is the third order watercourse, a right bank tributary to the Prądnik river, flowing into the Vistula. The source of the stream is situated at 288 m a.s.l. The watercourse flows through the Łąki Giebułtowskie area, Tonie village and in its final, about 1.5 km stretch through housing areas of Krakow. Its total length is 8,840 m and average bottom slope 1.01.
The sewage treatment plant was constructed according to the Local Space Management Plan for Wielka Wieś commune, in Trojadyn village in the area of so-called Łąki Giebułtowskie (Giebultowskie Meadows) - Figure 1 . The building of the sewage treatment plant covers about 168 m 2 of usable area. Sewage is channeled to the treatment plant through the gravity sewer system from about 2,150 inhabitants and additionally sewage is supplied by septic tankers from the local hotel and schools situated in the commune. The mechanical-biological sewage treatment plant uses Finnish technology, according to which sewage purification occurs through a prolonged aeration in activated sludge chamber, where the conditions for simultaneous stabilization of the excessive sludge are provided. The biological technology of sewage cleaning bases on removal of nitrogen and phosphorous compounds. Removal of nitrogen compounds is carried on in the activate sludge chamber during a basic process occurring at the initial phase, in the anoxic part of the chamber. Phosphorus compounds are removed both at the initial phase of purification and during the process of simultaneous precipitation by means of iron salts. The treatment plant comprises the following appliances: step filter, grit chambers, aeration chamber, secondary settlement tank, secondary sludge stabilization chamber and secondary sludge press. About 11 Mg of sludge in conversion to dry mass is generated per year (Water law permit on the assessment of the environmental impact of a sewage treatment plant in Wielka Wieś 2010).
The collector draining purified sewage is located at km 2+010 of the Sudół stream course, on its right bank. The catchment area to the collector outlet is 3.56 km 2 . In the discharge area the stream banks are not reinforced and the stream cross section is of trapezoidal shape. Average annual water flow in this place is SSQ = 0.037 m 3 ·s -1 , whereas medium low SBQ = 0.008 m 3 ·s -1
. The amount of drained purified sewage is Q = 300 m 3 ·day -1 and Q max.h = 25 m 3 ·s -1 , which constitutes respectively 9.4 and 18.8% of average water flow in the stream.
RESULTS AND DISCUSSION
The analysis of pollution indices results in purified municipal sewage in point D, as determined in the regulation on the conditions which must be fulfilled when discharging sewage to waters or to the soil, revealed exceeded highest values for total suspended solids and BOD 5 (Table 1) . Total suspended solids concentration only on one date exceeded the value of 50 mg·dm -3 and the five-day biochemical oxygen demand (BOD 5 ) was above the highest admissible value (40 mg·dm -3 ) on three dates. Since at the number of samples from 8 to 16 the regulation allows 2 samples in which the indices may exceed the highest admissible values, in the purified sewage from the treatment plant in Trojadyn village, only BOD 5 value did not meet the conditions required when discharging sewage to waters. Total suspended solids concentration ranged from 1 to 152 mg·dm -3 , with the average value on the level of 20.6 mg·dm -3 . Value BOD 5 ranged from 1.1 to 112 mg O 2 ·dm -3 and its average value was 38 mg O 2 ·dm -3
. The maximum total suspended solids concentration registered during the investigations (152 mg·dm -3
) and BOD 5 value (112 mg O 2 ·dm -3 ) were almost threefold higher than the highest permissible value according to the ministrial regulation.
The extended physicochemical analysis of the sewage including substances particularly harmful to the aquatic environment conducted in compliance with the guidelines for industrial sewage revealed, that during the period of the research, the sewage temperature ranged from 8.8 to 20.2°C and its pH was neutral within the pH range 7.2-7.8. These values did not exceed the value permissible by the Minister of the Environment regulation of 2014. The highest sulphates (309 mg·dm -3 ) and chlorides (337 mg·dm -3 ) concentrations were lower than the admissible values (Regu- The physicochemical state of the Sudół stream water above the sewage treatment plant (point 1) was below good, due to mean value of phosphates exceeding by 0.03 mg·dm -3 the value permissible for the water quality class II. Average concentration of dissolved solids and nitrate nitrogen allowed to classify water to the class II (Regulation… 2014a). The other 12 indices considered in the assessment of the physicochemical composition were in the quality class I (Table 2) . Increase in a majority of the analysed water indices concentrations occurred below the purified sewage discharge. The highest increase in pollutant concentrations was observed 150 m below the sewage discharge to the receiver (point 2). It was on average: 11.78 mg·dm -3 for ammonium nitrogen (100-fold increase in concentration), 5.36 mg·dm -3 for phosphates (17-fold), for BOD 5 -28.4 mg O 2 ·dm -3 (12-fold), for total suspended solids -23.8 mg·dm -3 (8-fold), for nitrite nitrogen -0.14 mg·dm -3 (7.5-fold), in case of sodium -54 mg·dm -3 and potassium -5.7 mg·dm -3 (4-fold), for COD-Mn -6.4 mg O 2 ·dm -3 and chlorides -70 mg·dm -3 (2.5-fold increase). Due to the waters drained from the treatment plant, also water quality class in the Sudół stream changed. In both measurement points (points 2 and 3), the stream water did not meet the requirements of the water quality class II because of BOD 5 , PO 4 3-and N-NH 4 + values. The analysis of physicochemical indices concentrations in the water collected 1,000 m below the sewage treatment plant (point 3) allowed to classify ten of them to the class I and two to the class II (Regulation… 2014a).
The research conducted by Królak et al. (2011) on the effect of mechanical-biological sewage treatment plant on water quality revealed that purified sewage discharged from the treatment plant in Wisznica and Piszczac villages had a slight influence on the increase in nitrate, and ammonium ions and EC, and did not cause a change in water quality class in the receivers (Zielawa and Lutnia watercourses). The hydrochemical research carried on the Sudół Dominikański stream demonstrated an on-going pollution of its water by the sewage discharges from the treatment plant in Węgrzce commune. The load of disposed sewage proved too large in relation to the water flow in the stream, which led to a worsening of the water in the watercourse (Kanownik and Rajda 2008) . Also, the investigations conducted by Kowalik et al. (2015) on the Breń river revealed a considerable effect of purified sewage discharge from a modernised mechanical-biological sewage treatment plant on the water quality in the receiver. The discharge caused an increase in the values of 12 of the 17 analysed physicochemical indices in the Breń river, of which in 8 cases the relationships were statistically significant. It was found that BOD 5 values and ammonium nitrogen con- centrations affected a change of water physicochemical state from a very good to good, and in case of phosphates from very good to below good.
A high level of ammonium and total nitrogen caused by industrial and municipal sewage discharge was also noted in the Yellow River in China (Chen et al. 2004) . Results of the investigations on Mamasin reservoir water in Turkey prove the increase in nitrates and ammonium nitrogen due to industrial and domestic sewage discharge (Elhatip and Güllü 2005) . The research was carried out from 2003 to 2009 in Missouri, US on the impact of purified sewage on water quality in the Blue River flowing on the border to Johnson Country and Kansas. The environmental conditions were determined by means of collected data analysis and comparison of the water quality indices concentrations above and below the collector outlet. The changes in the lower course of the river were the highest during low discharges, when the purified sewage constituted about 20% of the channel flow. The water samples immediately below the collector revealed high concentrations of ammonium, nitrate and phosphate ions both before and after the treatment plant modernisation. It is most probably due to non-optimised biological removal of these compounds. During the period of normal flows the concentrations were between 4 to 15 times higher than in the water samples above the collector. Despite the fact that the treatment plant modernisation improved the quality of sewage discharged to the Blue River, the process still had a negative influence on the water quality and contributed to increase in the primary production (Graham et al. 2010) . In Europe, the integrated attitude towards the assessment of the purified sewage impact on the forecast of ecological hazard was adopted among others in Slovenia, where the water in the Krka river, to which purified municipal and industrial sewage is discharged from city treatment plants, was analysed. The sewage subjected to biological sewage treatment contained high concentrations of organic nitrogen, ammonia, phosphates and zinc. During the summer period an excessive water saturation with dissolved oxygen was registered. Inhibition of water selfpurification process was observed owing to excessive concentrations of nitrogen, phosphorus and zinc in the water samples analysed in the points most distanced from the collector outlets. Results of the investigations indicated a necessity to diminish the emission of pollutant loads supplied so far in the purified sewage to improve water quality in the river and intensify the self-purification process (Cotman et al. 2001) .
Water of the Sudół stream was assessed as a natural environment of the cyprinid and salmonid fish life. On the basis of seven analysed indices (temperature, total suspended solids, pH, dissolved oxygen, biochemical oxygen demand, ammonium nitrogen, nitrite) it was determined that the water in all points did not meet requirements for the salmonid and cyprinid fish species. In point 1 (above the sewage discharge) only 20% of water samples fulfilled the requirements for both the salmonid and cyprinid fish due to the nitrite concentrations, whereas 73% due to BOD 5 content for the salmonids (Table 3) . On the other hand, below the sewage discharge (points 2 and 3) water in the Sudół stream did not meet the requirements for the natural habit of either the salmonid or cyprinid fish species because of a low concentration of dissolved oxygen, high biochemical oxygen demand (BOD 5 ) and high concentrations of ammonium nitrogen and nitrites; moreover, in point 2 average annual concentration of total suspended solids exceeded 25 mg·dm -3 (Regulation… 2002). In all measurement points only the temperature and water pH were appropriate for the habitat the salmonid or cyprinid fish species.
The statistical analysis conducted using Kruskal-Wallis non-parametric test for the measurement points revealed that the water quality indices differ significantly among the points in case of a group of the indices characterizing oxygen conditions, salinity (except the phosphates, calcium and magnesium) water pH, biogenic substances and metals Fe and Mn. The test probability for these indices was lower than 0.05 (Table 4 ). The analysis of the differences of water indices for the pairs of points on the Sudół stream performed using Mann-Whitney U-test revealed that between points1 and 2, significantly higher values were registered in point 2 (below the discharge) for BOD 5 , COD-Mn, EC, TDS, Cl -Na + , K fi-antly lower degree of oxygen saturation (Table 5) . Lewandowska-Robak et al. (2011) while assessing the impact of mechanical-biological sewage treatment plant with increased nutrients removal on water quality in the Kicz stream in Tuchola, the largest city of Bory Tucholskie determined, that in result of the purified sewage discharge the concentrations of chlorides, nitrates, nitrites and BOD 5 raised significantly in the receiver water.
On the other hand, along almost 1,000 m stream stretch below sewage discharge no statistical differences were found among the physicochemical water indices between point 2 and 3, which indicated the inhibition of water self-purification processes resulting from its pollution. The fact was also confirmed by the cluster analysis conducted for standardized values of physicochemical indices, on the basis of which it was stated that the drainage water and water in the Sudół below the discharge form one group, whereas water in the Sudół above the discharge forms a separate cluster (Fig. 2) . The statistical value that the differences are statistically important on the level α = 0.05. The statistical value that the differences are statistically important on the level α = 0.05.
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CONCLUSIONS
The analysis of pollutants in the purified municipal sewage revealed that BOD 5 value did not fulfil the required conditions which must be observed when discharging sewage into waters or to the soil. Moreover, high amount of phosphates and ammonium nitrates in the discharged sewage, although not covered by obligatory monitoring, poses a hazard to the flora and fauna in the Sudół stream bed. The Sudół stream water along the analysed stretch did not meet the requirements for the quality class II and its physicochemical state was below good. Above the purified sewage discharge only one index (phosphates) slightly exceeded the limit value. On the other hand, below the discharge collector a considerable deterioration of the stream water quality occurred. Beside phosphate concentrations, also ammonium nitrogen and BOD 5 concentrations exceeded the limit value for the water quality class II.
Along the whole investigated Sudół stretch, water did not meet the requirements for the natural habitat of the salmonid (Salmo spp.) family, the Coregonidae family (Coregonus) or Thymallus thymallus fish, the cyprinid fish, or other fish species, like Esox lucius, Perca fl uviatilis or Anguilla anguilla because of high nitrite concentrations. Discharge of purified sewage into the stream caused a decrease in the dissolved oxygen in water, increase in biochemical oxygen demand and ammonium nitrate concentrations, which added to a worsening of fish life conditions. Statistical analysis of physicochemical indices in the stream waters revealed that below the discharge of purified sewage, the values of 11 out of 21 analysed indices changed statistically significantly. It evidences a considerable effect of the discharged sewage on water physicochemical state and disturbance of the biological functioning of the ecosystem. A big pollutant load reduced the process of the stream water self-purification. Below the discharge from the sewage treatment plants (point 2), the water concentration of ammonium nitrogen increased 100 times, BOD 5 value and phosphate concentration over 10 times and total suspended solids and nitrite nitrogen over 5 times.
In order to reduce the negative effect of the sewage treatment plant and therefore improve the physicochemical and ecological state of water in the Sudół stream, technological measures connected with the modernisation of the treatment plant should be implemented aiming at the increasing the efficiency of nitrogen and phosphorus reduction in the sewage.
